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STATUS OF LUBRICANTS FOR MANNED SPACECRAFT 
By Frans G. A, de Laat,’ R. V. Shelton,2 and J. H. Kimzey 3 
ABSTRACT 
This paper reports the status of lubricants selected f o r  use on manned 
spacecraft such as Apollo. 
m a o r  t e s t  programs: 
f o r  crew-cmpartment toxicity-order hazard evaluations; lubricant-propellant 
compatibility investigations fo r  long-exposure endurance; solid-dry-film lubri-  
cant compatibility with various anodic coatings; and s tudies  of lubricant 
s l iding-fr ic t ion behavior i n  vacuums such as are  encountered i n  space. 
The select ion of lubricants w a s  based on four 
lubricant  canpat ibi l i ty  with oxygen-rich environment 
These t e s t s  resul ted i n  the selection of several  solid-dry-film lubricants ,  
such as a completely inorganic, electrophoretic,  bonded material containing 
molybdenum disulf ide,  graphite, and lead su l f ide  as the  major l ub r i c i ty  
constituents. Besides successfully passing the  oxygen-ccmpatibility test ,  
t h i s  lubricant  also exhibited unusually low f r i c t ion  coeff ic ients  on su l fu r i c  
anodized aluminum substrates,  as well as i n  vacuum or  i n  atmospheric condi- 
t ions.  
‘Among t he  greases, a cmple te ly  polymeric perfluorinated material with a 
fluorocarbon-telomer thickener showed an unsurpassed ccmpatibility with pro- 
pe l lan ts  and, i n  the  oxygen-compatibility t e s t s ,  a r h a r k a b l e  inertness.  
’TRW Systems, Redondo Beach, California. 
2Space and Informatioh Systems Division, North American Aviation, Inc., 
3Structures and Mechanics Division, NASA Manned Spacecraft Center, Houston, 
Downey, California. 
Texas. 
INTRODUCTION 
Any attempt t o  canpile a report on the  status of lubricants  and lubricat ion 
i n  Project Apollo is d i f f i c u l t  f o r  many reasons. F i r s t ,  t he  designs of many 
Apollo systems and subsystems are not frozen. Second, many areas involve a 
large number of subcontractors. Third, t h e  primary concern i n  spacecraft 
mechanisms w a s  focused on generally sat isfactory operation, thereby taking 
i n t o  consideration only severe weight and configuration constraints;  conse- 
quently, inadequate a t tent ion w a s  given t o  the environmental e f f ec t s  on moving 
par ts ,  i n  general, and on the  lubricants themselves i n  par t icular .  
REQUIREMENTS FOR A LUBRICANT USED I N  SPACE 
A lubricant  t o  be used i n  space m u s t  meet many requirements, including t h e  
following : 
(a) 
(b)  
( c )  
( d )  
It m u s t  not evaporate o r  degrade. 
It must not contaminate liquids or  gases. 
It m u s t  not react with s o l i d s ,  l iquids ,  o r  gases which it might contact. 
It must not have migratory-creep tendencies, especially under zero- 
gravi ty  conditions. 
( e )  
( f )  
It must not be a tox ic i ty  or  flammability hazard. 
It must not inh ib i t  e l ec t r i ca l  o r  thermal a c t i v i t i e s ,  o r  pramote 
undesirable ones. . 
(g) Most important of all, it m u s t  provide low f r i c t i o n  coeff ic ients  while 
carrying heavy loads i n  the  space environment. 
ENVIRONMENTAL CONDITIONS 
. 
Vacuum 
The absolute pressure outside the  ear th ' s  atmosphere is  estimated t o  be 
approximately t o r r  (mm Hg), and i n  i n t e r s t e l l a r  space, approximately 
t o r r .  Exact duplication of these pressures is  extremely d i f f i c u l t ,  if 
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not impossible. 
lubricant tes t  specimens i s  between 
The best  laboratory vacuum obtainable i n  systems containing 
and 10-l' t o r r .  
Temperature 
Liquid oxygen at -297.3 F i s  the  low temperature extreme. Other low tempera- 
tu res ,  resu l t ing  fran permanent shadow regions, a re  estimated t o  be between 
-100 F and -250 F. 
Except fo r  the  launch and reentry,  no major d i f f i c u l t i e s  caused by high 
temperatures are anticipated.  During launch and reentry,  temperatures i n  t h e  
affecteh ,AA*eas should not reach more than 550 F, and th i s  temperature should 
not be maintained f o r  more than a shor t  period. 
Vibration 
While the  vibration spectrum which spacecraft components must withstand is  
necessarily broad, t he  highest vibration leve ls  are experienced only i n  those 
areas where lubricat ion is  not required, such as the  outer s h e l l  of the  service 
module or  the  forward heat shield of the  command module. 
Zero Gravity 
Increased surface tension m a y  cause l i qu id  lubricants ,  because of migratory 
creep, t o  coat housings and other areas which do not require lubrication. As 
a r e s u l t ,  the  moving pa r t s  would lose e i t h e r  t h e i r  l iqu id  coatings o r  t he  
benef i t  of c i rculat ion which would clean, cool, and replenish w e a r  surfaces 
w i t h  f resh  lubricant.  Also, the  motion of par t s  requiring lubrication w i l l  
tend t o  create  voids i n  c r i t i c a l  areas. A s m a l l  emount'of lubricant  may remain 
i n  contact with the surfaces, while most of t he  lubricant  w i l l  remain at  a 
dis tance and not be used. 
Radiation 
Direct radiat ion exposure w i l l  be l imited t o  exter ior  surfaces such as the  
docking parts ,  lunar landing gear, and antennas. The few rubbing or  moving 
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par t s  d i rec t ly  exposed t o  radiat ion are a l l  lubricated with radiation-resistant 
solid-dry-film lubricants.  Most other mechanisms a re  shielded suf f ic ien t ly  . 
t o  eliminate possible lubricant degradation. 
General Considerations 
The e f f ec t s  of corrosion on lubricants vary. Solid-dry-film lubricants  
containing molybdenum disulf ide and, i n  some instances, graphite are unsatis- 
factory i n  high humidities which exist during prelaunch periods. 
fluorocarbon greases such as unsaturated polychlorotrifluoroethylenes, when 
combined with air and moisture, can become acidic  and corrosive, par t icu lar ly  
Also, 
t o  steel. Chlorofluorocarbon greases, however, a re  usually ine r t ,  do not con- 
t a i n  hydrogen, and, therefore, are quite corrosion r e s i s t an t ,  especially t h e  
perchlorofluorocarbon types (1). 
sion inh ib i tors  may react  with solid-dry-film lubricants.  
On t h e  other hand, greases containing corro- 
The absence of moisture i n  a vacuum causes graphite, when used alone, t o  be 
more of an abrasive than a lubricant (2). 
dry-fib-lubricant formulations, graphite appears s a t i s f k t o r y  f o r  use i n  
vacuums. 
However, as an ingredient i n  solid- 
The l i t t l e  available data on propellant- and gaseous oxygen-compatibility 
s tudies  w i t h  lubricants are  not sui table  f o r  extrapolation. 
cabin atmosphere at 60-90 F and 5 p s i a  might contain 92.76% oxygen, 2.94% carbon 
dioxide, and 4.30% water vapor; corrosion r a t e s  f o r  metals i n  such environments 
are not known, either singly or  i n  cmbination with lubkicants. 
ac id  condition could be much more severe i n  the  absence of nitrogen, since 
nitrogen i n  air m a y  be a natural  inhibi tor .  
TYPES OF LUBRICANTS 
For example, t h e  
The s l i g h t l y  
Considering t h e  range of enyironments, many kinds of lubricants  are available 
f o r  Apollo spacecraft. 
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I -  
O i l s  
O i l s  are r e s t r i c t ed  t o  use i n  shock s t r u t s  of the docking hardware ( i n  the  
form of hydraulic f lu ids )  and i n  sealed high-speed precision bearings i n  tape 
recorders and cameras. 
Greases 
Greases w i l l  be used i n  gear boxes and sealed bearings, as w e l l  as on f i t -  
t ings ,  linkages, cables, pistons i n  pyrotechnic devices, gu i l l o t ine  cu t te rs ,  
O-rings, and valve seats. Lithium soap o r  fluorocarbon telomers are  typ ica l  
thickeners, with the  base f l u i d  being a s i l icone ,  a f luorinated hydrocarbon, 
or  a fluorocarbon, 
Solid-Dry-Film Lubricants 
The solid-dry-film lubricants  are considered primarily f o r  s l iding f r i c t i o n  
i n  thermal-vacuum areas, including threads on fasteners ,  gears,  and sprockets. 
Binders vary from inorganic materials t o  spec ia l  organic res ins ,  and lub r i c i ty  
consti tuents include PTFE, graphite,  molybdenum disulfide, lead su l f ide ,  silver, 
t i n ,  indium, and bismuth, Typical thicknesses vary from’0.0003 t o  0.0005 
inches. Coatings can be applied t o  metall ic as well  as non-metallic sub- 
strates, including glass, elastmers, and rubbers. Cleaning and preparation 
of the  base material i s  c r i t i c a l ;  t o  obtain optimum results, experience i s  
required. 
Cmposite Lubricants 
Composite lubricants  are intended f o r  use on bushings’, sleeves, or re ta iners  
f o r  ro l l ing- f r ic t ion  bearings. 
materials, such as PTFE and arcmatic polymides, and others t h a t  are  largely 
metal l ic .  Si lver ,  gold, copper, lead, t i n ,  bronze, and aluminum have been 
They consist  of a wide range of polymeric 
5 
used in .quant i t ies  as high as 70%. Molybdenm disulf ide is a typ ica l  lubri-  
cant additive, but selenides, graphite, and mica are also used. F i l l e r s  
include ceramics, f iber  glass (both woven threads and randomly dispersed 
f ibe r s ) ,  and various synthetic f ibers ,  
CREW-COMPARTMENT ENVIRONMENT-COMPATIBILITY TESTS 
Some lubricants  may produce excessive quant i t ies  of toxic  o r  objectionable 
products under oxygen exposure at mildly elevated temperatures Flammability 
of lubricants  exposed t o  pure oxygen is also a recognized hazard. For those 
lubricants  considered f o r  use i n  the  Apollo crew compartment, crew safe ty  
considerations require data regarding lubricant oxygen-gassing products f o r  
evaluations of the toxicity-odor hazards. 
determine t h e  weight loss of candidate lubricants  and the  concentration and 
A t e s t  procedure w a s  established t o  
ident i f ica t ion  of oxygen-gassing products after exposure t o  a 5-psia, 99.9% 
oxygen-rich environment at 200 F f o r  a 72-hour period. The odor of the  gassing 
atmosphere, t h e  room-temperature condensation ra te ,  and the  presence of organic 
materials i n  the  condensate were also measured. 
The most important part of the  test setup consisted of a gas chromatograph 
system for  the  detection of carbon monoxide, carbon dioxide, and water. 
t o t a l  organic content of t h e  vapor, as w e l l  as of the  condensate of each 
The 
lubricant ,  w a s  determined by the  gas chromatograph hydrogen-flame ionization 
detector.  An osmometer-type olfactcmneter w a s  used fo r  odor measurements, 
with ra t ings  of detectable,  objectionable, and i r r i t a t i n g .  Detectable was 
defined as any odor detected by the  olfactory sense but not necessarily 
objectionable or  inflammatory. Objectionable w a s ,  i n  t h i s  case, an unpleasant 
o r  nauseating odor, such as odors of pu t r id  materials and chain mercaptans. 
I r r i t a t i n g  odors were those which produce a burning o r  astringent e f f ec t  on 
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eyes, or nasal or o r a l  surfaces; examples of i r r i t a n t s  are alpha-branoacetone, 
hydrogen chloride, and sodium hydride dus t .  
D u r i n g  the  t e s t  program, t h e  conditions were a l te red  frm the  72-hour expo- 
sure period at 200 F t o  336-hour exposure a t  155 F, which more closely simu- 
l a t ed  the 14-day Apollo mission and thereby maintained a reasonable data 
correlation. 
Interpretat ion of toxicological and histopathological observations is  
extremely d i f f i c u l t  and not well  understood. Also, sealing techniques and 
quant i t ies  of candidate lubricants  were in f luen t i a l  factors .  
no r i g i d  t e s t  parameters were imposed, except f o r  t he  following general guide- 
l ines :  
Consequently, 
a maximum of 100 par t s  per million t o t a l  organic components; no irri- 
t a t i n g  odor; and a close observation of carbon monoxide i n  pa r t s  per million. 
Table 1 iden t i f i e s  the lubricants  tes ted and reported. The test  equipment 
schematic is  shown i n  Fig. 1, and the  weight loss ,  oxygen-gassing products, 
odor, and condensate of various lubricants a re  shown i n  Table 2. 
LUBRICANT COMPATIBILITY WITH SPACECRAFT PROPELLANTS 
The se lec t ion  of lubricants  compatible w i t h  Apollo propellant materials 
Extensive work performed by Messina and Gisser presented a spec ia l  problem. 
(2,3) cZ.5arly indicated t h a t  v i r tua l ly  all conventional o i l s  and greases 
(petroleums, dicarboxylic acid es te rs ,  s i l i c a t e s ,  s i l i cones ,  and polyglycols) 
are e i the r  miscible, reactive,  and/or explosive under medium-impact energy 
leve ls .  
oxygen at 68-foot-pound levels .  
these lubricants  i n  N2H4 (hydrazine) fuel f o r  24 hours, both i n  t he  l i qu id  
and vapor phase, and i n  N 0 
and 24 hours i n  vapor phase, revealed excessive so lub i l i t y  and, i n  some 
A few o i l s  and greases were not sens i t ive  t o  d p a c t  with l i q u i d  
S t a t i c  exposure t e s t s  conducted w i t h  
(nitrogen te t roxide)  oxidizer, 1 hour i n  l iqu id  2 4  
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i .  
instances, reaction (4 )  (Table 3 ) .  
and submerged i n  the propellant at room temperature were evaluated for solu- 
b i l i t y  rate, color change, and bubbling or gas formation. The results of 
these tests were disappointing. 
Greases applied t o  s t a i n l e s s  steel panels 
. 
Most solid-dry-film lubricants  are equally undesirable f o r  use on components 
submerged i n  fue ls ,  such as 50% N2H4 + 50% UaMH (unsymmetrical dimethylhydra- 
zine) andmonmethylhydrazine, or i n  oxidizers,  such as N 0 and l i q u i d  
oxygen. Molybdenum disulfide, a major l ub r i c i ty  consti tuent of solid-dry-film 
lubricants ,  has a ca t a ly t i c  e f fec t  on hydrazine fue ls  and causes severe corro- 
s ion on a l l  common m e t a l s  when i n  contact with Il 0 
2 4  
2 4' 
A t  t h i s  point,  it w a s  evident t h a t  the  available information w a s  limited and 
not su i t ab le  f o r  spacecraft  applications. Moreover, most of these data were 
derived from l imited and short-exposure immersion tests, tha t  is, 1 t o  24 hours. 
A long-exposure lubricant-propellant compatibility t es t  program was  i n i t i a t e d  
f o r  Project  Apollo. 
per MILP-27402, monmethylhydrazine (MMH) per  MIL-P-27404, and nitrogen 
te t roxide  (N204) per  MILP-26539. 
panels of 321 s t a in l e s s  steel, while the  solid-dry-film lubricants  were coated 
Candidate lubricants were submerged i n  50% N H + 50% UDMK 2 4  
The greases were sandwiched between two 
on only one side of the panel and burnished. 
a 21-day immersion t e s t  e i ther  i n  N204 at  70 F ,  o r  i n  both fuels at 160 F. 
Compatibility w a s  judged by weight and physical change and change i n  appearance 
Apollo specif icat ions required 
of propellant and lubricant .  
perf luorinated material with a fluorocarbon-telmer thickener ( 5). showed an 
unsurpassed compatibility w i t h  propellants and, i n  t h e  oxygen-compatibility 
tests, a remarkable inertness. 
Among t h e  greases,  a comiletely polymeric 
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The test results, shown i n  Table 4, include immersion times, propel lants ,  
and descriptions of the  change i n  appearance of t h e  propellant,  such as dis- 
coloration, gas formation, and lubricant removal o r  swelling. Discoloration, 
per  se ,  is not a l w a y s  reason f o r  re ject ion,  however. 
under some of these test conditions i s  thought t o  be caused mainly by t h e  
canbination of normal decanposition of propellants and chemical removal of 
the  adsorbed oxide film from the  test-panel surface. This is  not uncommon 
with the  50% H2H4 + 50% UDMH fue l ,  which i s  well  known f o r  i t s  act ive solvent 
and reducing properties. 
LUBRICANTS APPROVED FOR USE IN VACUUM 
Propellant discolorat ion 
The solid-dry-film lubricants  P,  Q, S, and U (Table 1) were approved f o r  use 
i n  ul t rahigh vacuum, as w a s  t h e  ?TFE reinforced-fiber glass-cmposite dry 
lubricant  designated Z. 
j ec ted  t o  a vacuum exposure tes t  under s t a t i c  conditions. 
w a s  aimed primarily a t  t h e  weight-loss charac te r i s t ics  of all these lubr icants  
a f t e r  a 14-day exposure t o  a vacuum of 1 0  t o r r  ( o r  b e t t e r ) ,  a t  roam tempera- 
t u re ,  and at  300 F. Over 30 different  types of lubricants were screened, 12 
of which were of the  solid-dry-fih-lubricant ty-pe. 
pos i te ,  and the four solid-dry-film lubricants  mentioned were approved, based 
upon the  results obtained with t h i s  static-condition, vacuum-environment 
screening test program. 
Greases B and E were a l s o  approved after being sub- 
This invest igat ion 
-0 
The two greases, t he  cm- 
Most of the  spacecraft pa r t s  t o  be lubricated are made of aluminum, primarily 
because of weight l imitat ions.  
against  corrosion by an anodic conversion coating. A t e s t  program w a s  in i -  
t i a t e d  t o  determine which of the  three conventional anodic coatings imparts 
t h e  bes t  adhesive surface t o  solid-dry-film lubricants  such as P and S. 
These aluminum surfaces a re  usually protected 
These 
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two materials were chosen because they consist  en t i r e ly  of inorganic con- 
s t i tuents .  
Three anodic coatings were investi$ated: chromic (grey) anodize per  
MIL-A-8625AS Type 1; su l fu r i c  anodize per MILA-8625As Type 2, and hard 
anodize per MIL-A-8625As Type 3. All t e s t s  were conducted on t h e  LFW-1 
Friction-and-Wear test machine3 i l l u s t r a t e d  i n  Fig. 2. 
included an unidirect ional  s l id ing  motion at 26 f e e t  per minute, room tempera- 
t u re  and atmospheric pressure environment, and a normal load of 630 pounds, 
resul t ing i n  an average bearing pressure of approximately 40,000 psi .  
were run t o  a failure point determined by a f r i c t i o n  coefficient of 0.175. 
The t e s t  conditions 
Tests 
The anodized Timken r ing shown i n  Fig. 2 w a s  made from 2024114 aluminum per 
Fed. Spec. QQ-A-268, with a surface f in i sh  held t o  1 5  microinches ms. 
r ing w a s  lubricated with a coating thickness between 0.0003 and 0.0005 inches. 
The unlubricated test  block, as i l l u s t r a t ed  i n  Fig. 2, w a s  made of t he  same 
material and had i ts  bearing area ground t o  a surface f in i sh  of 6-12 micro- 
inches ms. 
and sulfuric-anodic coatings was, i n  most cases, l e s s  than 0.0006 inches, and 
t h e  hard anodic coating buildup varied from 0.0010 t o  0.0015 inches. 
The 
The test  block w a s  anodized only. The buildup of t he  chranic 
The r e su l t s ,  graphically shown i n  Fig. 3, c lear ly  indicate t h a t  t he  su l fu r i c  
anodize is  t h e  most favorable pretreatment. 
w a s  chosen as the  necessary pretreatment f o r  t he  aluminum specimens of the 
sliding-friction-in-vacuum test program. 
This explains why t h i s  anodize 
t 
These preliminary investigations were not completely sa t i s fac tory  f o r  the  
mechanisms and ccxaponents used on manned spacecraft ,  The behavior of 
3Alpha LFW-1 Friction-and-Wear t e s t  machine, a modified Maillan-type tester, 
made by Alpha Molykote Corp., Stamford, Conn. 
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lubricahts i n  an ultrahigh vacuum environment under dynamic conditions w a s  
more pertinent,  par t icu lar ly  i n  connection with molecular o r  "cold" welding. . 
In order t o  prevent "atomically clean" meta l l ic  surfaces, caused by t h e  vacuum 
condition, from being subjected t o  t h i s  phenomenon, these bearing surfaces 
m u s t  be kept separated. Solid-dry-film lubricants  appeared t o  be the most 
promising solution t o  t h i s  problem, par t icu lar ly  i n  cases where la tches ,  cams, 
linkages, rod ends, door hinges, and other s l id ing  surfaces were involved. 
A sliding-friction-in-vacuum t e s t  program w a s  i n i t i a t e d  t o  study wear-life 
charac te r i s t ics  and f r i c t i o n a l  coefficients of lubricants. The t e s t i n g  equip- 
ment (Fig. 4)  consisted of a frame, load s t r u t ,  load c e l l ,  load r ing (connected 
through a pillow block t o  a variable dr ive) ,  and f r i c t i o n  force pick-up 
recorder. 
mately 1.5 inches. 
t he  surfaces t o  be lubricated were ground t o  a 16-microinch-ms surface f in i sh .  
The test  specimens were fabricated f r o m  either Rockwell ~56-60 e lec t ro less  
nickel-plated maraging s t e e l ,  2024T4 aluminum per Fed. Spec. QQ-A-268, o r  
6A1-4V t i t a n i u m .  
The s l id ing  motion i s  osci l la tory,  w i t h  a t o t a l  stroke of approxi- 
The t e s t  specimen configuration i s  shown i n  Figs. 5 and 6; 
The basic t e s t  procedure w a s  as follows: 
1. The specimens were i n s t a l l e d  i n  the  test f ix ture  and continuously cycled 
at  atmospheric pressure under the  specified ncminal bearing load a t  a speed 
of 1 c p  (cycles per minute) fo r  10 cycles. 
2. A t  11 cycles, the  speed w a s  increased t o  1 0  c p ,  'and cycling w a s  contin- 
uous t o  100 cycles. 
3. A t  101 cycles, t h e  cycling was  stopped, and the vacuum chamber sealed, 
-8 baked out, and evacuated t o  a pressure of at  l e a s t  as low as 5.0 x 1 0  t o r r .  
Cycling w a s  r e s t a r t ed  at 10 cpiu and allowed t o  continue u n t i l  500 cycles had 
11 
elapsed. 
than 6 days. 
With t h e  high-temperature t e s t s  , the  bake-out cycle required more 
4. From 501 t o  2000 cycles, t h e  tes t ing  was intermit tent ,  i n  t ha t  cycling 
occurred f o r  10 minutes a t  10 cpm, followed by 50 minutes of s t a t i c  loading. 
Thus, t h i s  t e s t  phase l a s t ed  f o r  an in te rva l  of 15 hours, 
5. A t  2001 cycles, continuous automatic cycling at  10 cpm w a s  i n i t i a t ed .  
Recording of f r i c t i o n  force,  which had been continuous from the  start 0: t h e  
test ,  was readjusted t o  sample 5 cycles every 1 5  minutes (150 cycles) u n t i l  
fa i lure .  
Temperature programs were e i t h e r  ambient or  a l te rna t ing ,  t ha t  is ,  from 
-250 F t o  300 F. t o  
9.0 x 10-l' t o r r .  Each test  w a s  halted when'failure of the  solid-dry-film 
lubricant  occurred, as evidenced by e i the r  an increase of 100% above the 
lowest consistent f r i c t i o n  force obtained, o r  t he  appearance of e r r a t i c  
behavior i n  the  oscillographic t race  of t he  f r i c t i o n  force. The complete 
r e su l t s  a r e  shown in  Table 5 ,  i n  which f r i c t i o n  coeff ic ients ,  cyclic wear 
l i f e ,  and type of f a i l u r e  are summarized. 
w a s  re jected because of low wear-life. 
!The vacuum leve ls  i n  a l l  t e s t s  varied from 3.5 x 
Lubricant T w a s  vacuum-tested but 
The custm-built  equipment used and the  ra ther  severe s l id ing  bearing action 
involved preclude the  comparison of r e su l t s  with those obtained on standard 
bearing t e s t e r s  currently in  use throughout t he  industry. For t h i s  reason, 
a number of ambient (atmospheric) pressure check-out tests were conducted i n  
an attempt t o  i s o l a t e  the e f f ec t s  of an ultrahigh vacuum environment on 
cant behavior. 
The wear-life data are,  however, indicat ive 
lubricants  investigated,  and the coefficients 
of t he  comparative meri ts  
of f r i c t i o n  were, i n  most 
lubri-  
of the 
vacuum 
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t e s t s ,  lower than  i n  those tests conducted i n  ambient pressures. The lower 
coeff ic ients  were most markedly apparent f o r  candidates P and U. 
Further t e s t ing  t o  provide more data is  planned. Also, t h e  adoption of a 
standard substrate  mater ia l  is being considered; t h i s  would establ ish a sounder 
basis of comparison f o r  other candidate lubricants.  
D I  S CUSS1 ON 
Many large-scale t e s t s  a r e  plannedto demonstrate design r e l i a b i l i t y .  These 
t e s t s  w i l l  include as many environmental fac tors  as feasible.  Flight data w i l l  
gradually demonstrate the  ac tua l  performance. 
as of t h i s  date, can be quite arbi t rary,  since meaningful r e su l t s  applicable 
t o  all  operating conditions of a combined environment can be demonstrated only 
by ac tua l  f l i g h t  experience. 
and coatings applied. 
The select ion of lubricants ,  
As hardware i s ' b u i l t ,  t he  lubricants are obtained 
Subcontractor t e s t  programs are  largely unsupervised and a re  generally 
f'unctional i n  nature ra ther  than an attempt t o  expose materials t o  s t a t i c  
conditions. Also, t he  t e s t  environments a re  usually much l e s s  severe, such 
as use of unrea l i s t ic  pressure and miss ion  of thermal and radiation inputs. 
Similarly,  a conditioning soak of several days p r io r  t o  operation i s  generally 
avoided. 
i s  sa t i s fac tory  ra ther  than a concerted e f f o r t  t o  reveal a l l  weaknesses i n  
t h e  design. 
Results of Project Mercury were highly sat isfactory,  and i n  the  Gemini Pro- 
Perhaps the  t e s t  philosophy becomes one of proving that the  design 
gram only one f a i l u r e  has involved a lubricant.  
being carr ied out t o  examine new lubricants and new environmental combinations. 
As yet ,  however, t he  idea l  lubricant appears t o  be i n  the  d is tan t  future.  
Meanwhile, many contracts are 
13 
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Teble 1 
Iden t i f i ca t ion  and Description of Lubricants Tested 
Co dea 
Greases 
Lubr i cant des c r i  p t  i on Main char a c t  eris t i cs 
A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
Dimethylsiloxane base with mica powder f i l l e r  Good O-ring lubr icant  
Ester-s i l icone base grease with unknown thickener  High loads,  low speed 
Perf luorinated base with fluorocarbon-telomer 
S i l icone  base f i l l e d  with metal oxides Thermal conductive * 
Methylchlorophenyl s i l i cone  with l i th ium soap 
Chlorofluorocarbon base with s i l i c a  g e l  thickener  Ine r t ,  good w e t t a b i l i t y  
Perfluorotrialkylamine base with fluorocarbon- Compatible with f u e l s  
Trif luorovinylchlor ide polymer base with unknown Compatible with H 0 
HNO , and most a$iG 
Chlorofluorocarbon base with unknown thickener  Chem?cally i n e r t  
Trifluorochloroethylene base with unknown f i l l e r  Chemically i n e r t  
Trifluoropropylmethylpolysiloxane base with Chemically i n e r t  
Chlorofluorocarbon with unknown thickener  Very i n e r t  t o  ac ids  
Dimethylpolysiloxane base with s i l i c a  f i l l e r  Wide temp. range 
Phenylmethylpolysiloxane base with an organic Excellent 0-r ing  
lubr icant  
Fluoroalkylester  and f luorinated hydrocarbon Compatible with f u e l s  
per MIGG-27549 
High temperature, 
thickener  (5) chemically i n e r t  
Wide temperature 
thickener  range 
telomer thickener  ( 3 )  and oxidizers  
thickener  
s i l i c a  g e l  f i l l e r  
ester-type material and a l i thium soap f i l l e r  
base with f luorocarbon-telomer thickener  and oxidizers  
Solid-dry-film lubr icants  
P Inorganic,  e lectrophoret ic  binder system with Low f r i c t i o n  coeff i -  
Q Higg densi ty ,  modified phenolic binder  system Excellent corrosion 
R Inorganical ly  bonded MoS , PbS, and graphi te  with Good w e a r  l i f e ,  sane 
S 
T S i l icone  res in  binder system with MoS and &I Low vapor pressure  
U 
V Inorganic binder  system with only graphi te  Extremely i n e r t  
W 
good w e a r  l i f e  
M o S  , graphi te ,  and PbS c i e n t ,  good w e a r  l i f e  
with MoS2, PbS, and Sn 
an ac ry l i c  top-coat sesler 
res i s tance  
corrosion r e s i s t ance  
Sodium s i l i c a t e  binder  system with only MoS 
Ceramically bonded graphi te ,  MoS2, ang Ag (6 )  
Inorganic binder  system with graphi te ,  PbS, and 
Average wear l i f e  
Excellent wear l i f e  
Chemically i n e r t  and 
a spec ia l  unknown organic addi t ive 
Anti-seize compounds 
X Aromatic biphenylchloride, mixed with graphi te  LOX impact r e s i s t a n t  
Y G r q h i t e  powder (241) i n  an organic vehicle  plus  Breathing air systems 
a f e w  unknown addi t ives  
Composite dry lubr icants  
Z 
Commercial names of these  lubr icants  ava i lab le  from t h e  authors on request. 
Multiple l aye r s  of PTFE and g la s s  fibers woven i n  Long w e a r  l i f e  i n  
c loth- l ike form, bonded t o  the bear ing surface spher ica l  bearings 
a 
Table 2 
Lubricant-Oqrgen Compatibility Test Results 
a Sample Outgassing products (ppm) Con- Odor r a t ing  
and b Lubri- weight Total den- cant loss (’$1 CO C02 H20 organics sa te  s t a tus  
P 0.963 - - 6.35 82.5 NO 2 -- A 
Q 1.108 49 - 5 935 53.0 NO 1 -- A 
R 2.507 - - 11.54 11.0 NO 1 -- A 
Z 0.162 - gg 1.552 10.0 NO 1 -- A 
A 0.093 - - 345 a 2 30.0 Yes 1 -- A 
B 0.083 1 13 399.2 53.1 NO 1 -- A 
C 0.013 - - 29.1 4.1 NO 1 -- A 
D 0.038 34 - 99 00 6.2 No 1 -- A 
E 0.568 - - 133 9 3 9.1 Yes 2 -- R 
F 5.528 - - 380.1 1004.3 Yes 1 -- R - 9.6 Yes 1 -- R G 56.82 - -  
H 0.298 - 13 108.1 271.2 Yes 2 -- R - 2.1 No 3 -- R X 
Y 4.053 49 - 530 2 29.3 Yes 3 -- R 
- - -  
?Detectable = 1; objectionable = 2; i r r i t a t i n g  = 3. 
bApproved = A; , re jec ted  = R. 
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Table 3 
Lubricant Compatibility Test  Results with N204 and N2H4 
N 0 oxidizer N2H4 propellant 2 4  
Solubi l i ty  Solubi l i ty  
Lubri- r a t e  ($) General r a t e  ($) General 
cant Liquid Vapor observations Liquid Vapor observations 
I 100 100 Reactive, turned 99 64 Reactive, turned 
white, very soluble brown 
18 Reactive, turned 
dark brown 
40 Reactive, turned -1 1 Sl ight  discolora- 
t ion,  no react ion 
away, no react ion 
J 100 98 Reactive, turned 98 
K 98 
white, washed away 
l i g h t  yellow, residue 
X 100 100 Soluble, no reaction 93 95 Soluble, washed 
L 57 80 Soluble, turned brown 4 -1 Low solubi l i ty ,  
M 66 94 Turned yellow-brown, e l  L Discoloration, 
N 96 83 Turned black, washed 13 C l  Turned yellow, 
hard residue no react ion 
residue N H absorption 
grease softened 
2 4  
aww 
. 
Table 4 
Lubricant-Propellant Compatibility T e s t  Results 
Immer- 
s ion 
Lubri- time Propel- 
cant (days) lan t  General observations and status' 
G 
C 
0 
K 
P 
VC 
W 
21 
21 
21 
30 
180 
30 
30 
30 
30 
30 
21 
21 
21 
21 
21 
8 
8 
8 
21 
21 
21 
b A-50 
MMHb 
N2OlP 
A-50 
A-50 
N2°4 
A-50 
N2°4 
MMH 
N2°4 
A-50 
MMH 
A-50 
MMH 
N2°4 
A-50 
MMH 
2% 
MMH 
Slight  discoloration of propellant. Grease f i lm swelled. 
A 
Slight  discoloration of propellant. Grease f i lm s l igh t -  
l y  swelled. Lubricity maintained. No weight change. & 
Grease fi lm removed. 
wh i t e  flaky residue on test-tube bo t tm.  N Oh in tac t .  A 
Very s l i g h t  s w e l l i n g .  No residue. No weigh$ change No 
A 
No residue, No weight change, No propellant discolora- 
Very s l igh t  solubi l i ty .  
Grease f i lm removed; however, white flaky residue on 
Excessive flaky residue on test-tube bottom and on t h e  
Weight change o f  6.1%. Lubricity maintained. - 
Weight change of 93.5%; however, 
discoloration of propellant. Lubricity maintained. - 
t ion.  Grease f i l m  not v i s ib ly  affected. A 
Very s m a l l  amount of residue on- 
test-tube bottam. Grease fi lm not v i s ib ly  affected. & 
R test-tube bottom. No propellant discoloration. - 
change. - 
oration. No residue. No weight change. - 
panels. Also hard, dry, wh i t e  powder. No weight 
R 
R 
R 
Grease f i l m  not v i s ib ly  affected. N o  propellant discol- 
Tes t  terminated, because base o i l  cmple te ly  dissolved 
Propellant discoloration. Sl ight  gas %uild-up i n  t e s t  
tube. Lubricant f i l m  had soft spots; eas i ly  removed. 
Strong propellant discoloration; dark amber. Large 
amount of black pa r t i c l e  residue. Same weight change. g 
Propellant discoloration. No Yesidue. No weight change. 
Sl ight  propellant discoloration. No residue. No weight- 
A 
No change i n  oxidizer. No residue. Some weight change. 
A 
A 
A 
A 
after 12 days. White g e l  residue. N 0 4 in tac t .  - 
Lubricant f i lm  i n  good condition. A 
change. Lubricant f i lm i n  good condition. - 
Lubricant f i lm  i n  good condition. 
No propellant discoloration. Lubricant unchanged. - 
Same as above, no change a t  all. 
above, no change a t  all. 
- 
- 
Same as 
Propellant unchanged. Lubricant f i l m  somewhat dul ler .  
No residue on test-tube bottom; some at meniscus 
level. A 
No propellant discoloration. 'No residue. Lubricant fig 
A completely in tac t  and not softened. 
A 
-
-
Same as above, no change at a l l .  - 2 4  
a A = approved; R = rejected. 
bA-50 = 50% N2H4 + 50% UDMH; l4Ml-i = monomethylhydrazine; N204 = nitrogen 
t etroxyde. 
This candidate w i l l  not be used because later tests revealed poor 
l u b r i c i t y  and severe corrosion-inducing properties. 
C 
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Table 5 
Sliding-Friction-in-Vacuum T e s t  Results 
. 
Substrate 
mater ia l  Bearing Wear-life r e su l t s  
and a load 
p s i  1 pin. Cy cles  Lin. f t  
T e s t  Lubri- 
no. cant pressure 
1 
2 
3 
4 
5 
6 
7b 
8 
9 
10 
llb 
12 
13 
14 
1 5  
1 6  
1 7  
18 
19 
S 
S 
T 
T 
U 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
P 
Q 
Q 
Stee l  
S t ee l  
S t e e l  
S t ee l  
S t ee l  
A l c  
A I C  
S t ee l  
T i  
A l c  
A l c  
S t ee l  
S t ee l  
T i  
S t ee l  
A l c  
T i  
S t ee l  
S t ee l  
V 
V 
v 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
V 
A 
A 
A 
V 
A 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
10,000 
25,000 
25,000 
50,000 
50,000 
50, ooo 
10,000 
10,000 
10,000 
10,000 
10,000 
0.075 1,747 233 
0.100 4,791 638 
36.5 0.040 274 
0.051 1,095 147 
0.017 38,264 5,108 
0.012 39,595 5,286 
0.015 8,557 1,142 
0.009 24,616 3,283 
0.014 5,445 726 
0.. 007 35,418 4,728 
0.009 7,585 1,012 
0.008 2,801 374 
0.007 1,519 203 
0.013 1,478 197 
0.060 14,946 1,997 
0.050 29,940 ' 3,997 
0.062 13,721 1,831 
0.049 19,195 2,563 
0.056 77,741 10,378 
20 Q Ti A 10,000 0.076 11,449 1,528 
5 r e s s u r e :  
bThese t e s t s  were performed a t  a l ternat ing 
C 
v = vacuum of 3.5 x 10-7 
t o  9.0 X 10-l' t o r r ;  A = ambient pressure, 
temperatures; a l l  other t e s t s  were at roan temperature. 
~ 1 ~ ~ - 8 6 2 5 ,  Type 2, p r ior  t o  lubricant application. 
A l l  aluminum substrates were su l fu r i c  anodized per 
19 
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FIG. 1 LUBRICANT OXYGEN OUTGASSING TEST 
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